We have investigated the role of lipoteichoic acid in mediating the adherence of different serotypes of group B streptococci to human adult and neonatal epithelial cells. Pretreatment of neonatal buccal and vaginal epithelial cells with lipoteichoic acid, but not with deacylated lipoteichoic acid, induced a marked inhibition in the adherence of all strains tested. Pretreatment of bacteria with substances known to bind lipoteichoic acid, such as monoclonal and polyclonal antipolyglycerophosphate antibodies and albumin, also resulted in adherence inhibition. Group B streptococci adhered in 6-to 10-fold-higher numbers to buccal epithelial cells from neonates older than 3 days than to those from neonates less than 1 day old. This increase in receptiveness for group B streptococci was paralleled by an increased ability of epithelial cells from older neonates to bind group B streptococcal lipoteichoic acid. These data suggest a role for the lipid portion of lipoteichoic acid in the adherence of different serotypes of group B streptococci to vaginal and neonatal epithelial cells.
Group B streptococci (GBS) are recognized as important agents of sepsis and meningitis in neonates and young infants. Adults are also infected, although less frequently. While invasive infections can be caused by any of the GBS serotypes (Ta, Ib, Ic, II, and III), serotype III is isolated from about two-thirds of all infections (4) . Only some of the bacterial and host factors intervening in the pathogenesis of GBS disease have been characterized. Studies in humans and in animal systems indicate that type-specific capsular polysaccharides and their respective antibodies play important roles in invasive infections (4, 23) .
Bacterial adherence to epithelial surfaces is regarded as an initial and necessary step for colonization by both indigenous and pathogenic species. Since the most frequent source of infection is the maternal genital tract (3), the ability of GBS to adhere to maternal and neonatal epithelial cells could be of importance in the pathogenesis of invasive infections. Accordingly, it has been reported that the risk of transmission of GBS to the neonate may be quantitatively related to the extent of colonization of the birth canal (24) .
In an attempt to define the role of adherence in the pathogenesis of GBS disease, Broughton and Baker found that isolates from infants with invasive disease adhere better to exfoliated buccal epithelial cells obtained from infected neonates than to those from age-matched controls (10) . In addition, clinical serotype III isolates adhered better to neonatal than to adult buccal epithelial cells. These authors concluded that neonates who develop invasive GBS infections may have an increased number of receptor sites for attachment of GBS or the bacteria may elaborate products that unmask these receptors or both (10) . Serotype III strains have been reported to adhere better than other serotypes to vaginal epithelial cells (9) , although group-or type-specific antigens do not appear to mediate attachment (41) .
Studies attempting to define the adhesins of GBS have been somewhat contradictory. Lipoteichoic acid (LTA), an amphipathic molecule present on most gram-positive bacte-* Corresponding author. ria, has been shown to bind to specific sites on mammalian cell membranes (6, 33) and to mediate the attachment of group A streptococci (5, 7), Staphylococcus aureus (12) , and Staphylococcus saprophyticus (38) to host cell tissues. The role of LTA in GBS adherence has been examined in some recent studies. Cox found that LTA from serotype III GBS, when topically applied to the mucosal surfaces of newborn mice, was effective in preventing the transmission of serotype Ta, II, and III GBS from experimentally colonized mothers (16) . Adherence of serotype III strains to cultured human embryonic and fetal cells and adult buccal epithelial cells can also be inhibited by pretreating the cells with purified LTA (27) . The same authors also reported that GBS strains isolated from infants with invasive disease possess three-to fourfold-higher levels of cellular LTA than strains from asymptomatically colonized infants and concluded that LTA, by increasing the adherence properties of GBS, may have a role as a virulence factor (26) .
Other studies, however, have indicated that LTA is not involved in GBS adherence. In a recent investigation, this substance was not found to affect or mediate the adherence of a serotype III strain to cultured amniotic cells (18) . A lectin type of attachment for type III GBS which could be blocked by N-acetyl-D-glucosamine, rather than an LTA mechanism, was suggested by Bagg et al. (2) .
It is possible that GBS adherence mechanisms are strain specific or that differences in techniques for LTA purification or adherence testing account for the contradictory results obtained in these studies. The purpose of the present study was to further assess the role of LTA in GBS adherence by observing the effects of LTA (33) .
Deacylation of LTA and cardiolipin. LTA and bovine heart cardiolipin (Sigma) were deacylated by overnight incubation with 15% ammonium hydroxide at room temperature as described by Ofek et al. (30) . The hydrolysis mixtures were evaporated under nitrogen, redissolved in water, and extracted three times with chloroform-methanol (2:1). The aqueous phases were collected and lyophilized.
Anti-LTA antibodies and other reagents. Monoclonal antibody (MAb) 7B11 (22) was kindly provided by G. D. Shockman, Temple University School of Medicine, Philadelphia, Pa., in the form of ascitic fluid. The globulin fraction from the ascitic fluid was precipitated by sodium sulfate (18% final concentration), dialyzed against PBS, and stored at -20°C. MAb 7B11 specifically binds to the polyglycerophosphate backbone of the LTA from various gram-positive bacteria (22) .
Anti-LTA was prepared in outbred rabbits by intravenous inoculation of LTA-methylated bovine albumin complexes in Freund incomplete adjuvant (Difco) as described by Fiedel and Jackson (17) . Gamma globulin (i.e., pooled immunoglobulin) was obtained from rabbit sera by 33% ammonium sulfate precipitation. Human albumin, keyhole limpet hemocyanin, and normal rabbit serum were purchased from Calbiochem-Behring, San Diego, Calif., and used without further purification. Double-immunodiffusion analysis. To assess contamination with group-and type-specific antigen in recovered peaks (11) , which was performed by inoculating 8 ml of fresh broth with 2 ml of an overnight culture followed by incubation for 3 h at 35°C. Bacterial cells were washed twice by centrifugation (1,500 x g for 15 min) and suspended to an optical density (0.4 at 570 nm) previously calibrated to contain 108 CFU/ml. These suspensions were then repeatedly passed through a 21-gauge needle to disrupt chains of cocci. In adherence assays, 0.5 ml of an epithelial cell suspension was mixed with an equal amount of a bacterial suspension and incubated on a rocking platform at 37°C for 30 min. The mixture was then collected and filtered through 8-,um-pore polycarbonate filters (Bio-Rad Laboratories, Richmond, Calif.) under reduced pressure. Each filter was washed three times with 5 ml of PBS, Gram stained, and mounted on a slide. The filter was observed under oil immersion, and the number of gram-positive cocci associated with 40 epithelial cells was counted. In each experiment, the number of gram-positive cocci adhering to epithelial cells that had been incubated with PBS was subtracted from the experimental values. Results were expressed as the average number of gram-positive cocci per epithelial cell. In preliminary experiments, this assay showed a <8% deviation when quadruplicate adherence tests were performed with samples from the same bacterial and epithelial cell suspensions. However, higher variability was observed in experiments conducted on different days, especially when epithelial cells from different donors were used. In experiments in which we sought to study the effects of various substances on adherence, 1-ml samples of bacterial or epithelial cell suspensions prepared as described above were mixed with equal volumes of PBS solutions of various substances or with plain PBS as a control. These mixtures were then incubated at 37°C for 30 min and washed two times in PBS. Bacteria or epithelial cells were then suspended to the original concentrations, and 0.5-ml volumes were used for adherence assays as described above.
Since complex media such as Todd-Hewitt broth are known to contain substances that can bind to some streptococci (35) , in preliminary experiments we compared GBS grown in Todd-Hewitt broth with GBS grown in a chemically defined medium (11) for adherence properties. No difference was observed in the numbers of bacteria adhering to neonatal buccal and vaginal epithelial cells and in the values of LTA-induced adherence inhibition. The experiments reported in this study were performed with bacteria grown in Todd-Hewitt broth.
Binding of LTA to epithelial cells. Relative binding of LTA to epithelial cells from different groups of donors was estimated by using an enzyme immunoassay. Cells were obtained as described above, washed twice by centrifugation (700 x g for 10 min), and suspended in PBS to a concentration of 2 x 106 per ml. Cell suspensions were incubated at 37°C for 30 min with equal volumes of plain PBS or PBS solutions of LTA (500 jig/ml, unless otherwise indicated).
The cells were then washed three times and suspended to a concentration of 2.5 x 106 per ml in PBS with 1% keyhole limpet hemocyanin. Cell suspensions (0.2 ml) were mixed in U-shaped wells of microtiter plates with 0.05 ml of anti-LTA or normal rabbit serum diluted in PBS-1% keyhole limpet hemocyanin. After incubation at 37°C for 30 min, the cells were washed again three times and reacted for 30 min at 37°C with alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin G (Calbiochem) diluted 1:5,000 in PBS-1% keyhole limpet hemocyanin. The cells were washed again three times and suspended in 0.25 ml of a solution ofp-nitrophenyl phosphate (1 mg/ml) in 1 M diethanolamine buffer, pH 9.8 (Bio-Rad). The plates were incubated at 37°C for 20 min and centrifuged at room temperature for 10 min. The supernatants were then transferred to wells of flat-bottom microtiter ered in the column eluate. The elution profile showed two phosphorus-containing peaks (Fig. 1) . The fractions within these two peaks were pooled, dialyzed against distilled water, lyophilized, and analyzed for phosphorus, glycerol, and protein. The peaks were also assayed for the presence of LTA and group-and type-specific carbohydrates by the immunological methods previously described. Phosphorus and glycerol were present in approximately a 1:1 molar ratio in the first and second peaks, suggesting the presence of polyglycerophosphate polymers. Only the first peak contained material with erythrocyte-sensitizing activity (15.6 ,ug/ml). The two peaks also appeared to differ in terms of purity of the material recovered. The second peak only contained material reacting with type-specific serum in a double-diffusion assay. Moreover, protein accounted for 0.4 and 11.5% of the material in peaks 1 and 2, respectively. The first peak was considered to represent purified LTA on the basis of its low protein content and absence of immunologically detectable group-and type-specific carbohydrates.
The polyglycerophosphate chain of LTA was composed of an average of 25 U of glycerol phosphate, as estimated from the organic/inorganic phosphorus ratio after terminal phosphate hydrolysis. LTA was estimated to contain 1 alanine per 4.2 glycerophosphate units. Polyglycerophosphate and alanine accounted for 87% of the weight of LTA, confirming the relative purity of the preparation.
The quantity of LTA obtained accounted for 0.92% of the crude phenol extract and for 0.08% of the producing organisms (dry weight). Material in the second peak probably contained naturally deacylated LTA since it contained phosphorus and glycerol in equimolar amounts and was unable to sensitize erythrocytes. No further attempt was made to purify or characterize this material.
Effect of LTA on adherence to vaginal cells. Figure 2 shows the difference in adherence to vaginal epithelial cells pretreated with purified LTA and deacylated LTA. A dosedependent inhibition of GBS adherence was evident at 200 jig/ml and reached 76.2 and 76.8% at 400 and 500 jig/ml, respectively. Conversely, deacylated LTA induced only negligible effects even at doses of 500 ,ug/ml. Table 1 shows that the adherence of the other 13 strains differing in serotype, phage type, source of isolation, pathogenicity, and ability to adhere to vaginal epithelial cells was consistently inhibited when vaginal epithelial cells were pretreated with LTA at a concentration of 500 ,ug/ml. Inhibition ranged from 72.1 to 91.2%. Thus, the LTA-induced inhibition did not appear to be serotype or phage type specific, although the strains tested were representative of just some of the possible phage patterns. Moreover, pathogenic and nonpathogenic strains were equally inhibited.
Role of LTA in adherence of GBS to neonatal epithelial cells. In further experiments, the role of LTA in the adherence of GBS to neonatal buccal epithelial cells was investigated. Since the receptiveness of buccal epithelial cells for gram-positive cocci has been reported to vary considerably during the first few days of life (29) , cells were obtained from two groups of neonates. The first group included those <24 h old, while the second group was from infants at least 3 days old. As expected, GBS adhered in much higher numbers (about 6-to 10-fold) to buccal epithelial cells obtained from infants at least 3 days old (Table 2 ). (glycerophosphate-glycerophosphate-glycerol). As with vaginal epithelial cells, LTA treatment resulted in a marked inhibition of adherence ranging from 70.0 to 83.4%, independent of the age of the donors. Pretreatment with deacylated LTA or deacylated cardiolipin, on the contrary, resulted in very slight or no inhibition. Effect of anti-LTA antibodies on adherence. To confirm the role of LTA as a GBS adhesin, bacteria were treated with monoclonal and polyclonal anti-LTA gamma globulin and washed before testing (Tables 3 and 4 ). Table 3 shows that GBS pretreatment with anti-LTA, but not with normal gamma globulin, substantially suppressed the adherence of the three strains tested. Table 4 shows that similar results were obtained with the antipolyglycerophosphate MAb 7B11, although inhibition values were lower. When strain ME-DT was pretreated with different dilutions of MAb 7B11, its ability to adhere to vaginal epithelial cells decreased in a fashion that was roughly dose dependent (Table  4) . However, the inhibition obtained with a 1:1,600 dilution was higher than that obtained with a 1:800 dilution. The reason for this phenomenon is not apparent, but it was consistently observed in three consecutive experiments.
Effects of albumin on adherence. In further experiments, it was of interest to investigate the effect of human albumin, a substance known to bind to the lipid portion of LTA (32) . Figure 3 shows that pretreatment of bacteria with albumin resulted in a dose-dependent reduction in adherence, with maximal inhibition (84.0%) occurring at concentrations of 125 ,ug/ml or higher. Keyhole limpet hemocyanin did not produce inhibition of adherence at doses up to 500 ,ug/ml, thus excluding nonspecific protein effects.
Wnding of LTA to epithelial cells. Since GBS adhered in higher numbers to epithelial cells from older neonates, it was of interest to assess the relative binding of LTA to cells from different sources. This was attempted by using an enzyme immunoassay in which cells were sequentially reacted with LTA, anti-LTA rabbit serum, and phosphatase-labeled antirabbit immunoglobulin G. Since specific A405 (A405 of anti-LTA serum wells minus A405 of normal serum wells) was maximal at serum dilutions of 1:16 or lower (Fig. 4) , a dilution of 1:16 was used in further experiments.
Specific A405 was almost completely suppressed when deacylated cardiolipin (100 ,ug/ml) was added to the cells simultaneously with anti-LTA (Fig. 5) , indicating that the antibodies detected by the assay were specific for polyglycerophosphate residues. Figure 5 also shows that the amount of LTA bound to buccal epithelial cells increased linearly with age of the neonates and reached adult cell levels in neonates at 3 days of age. Binding of LTA to cells from both older and younger neonates was saturable, and the cells from the older neonates bound more LTA at all LTA concentrations tested (Fig. 6) . Thus, the increased receptiveness for GBS of cells from the older neonates was paralleled by an increase in the ability of these cells to bind GBS LTA, confirming earlier data obtained with group A streptococcal LTA (33) . DISCUSSION GBS LTA was previously obtained by phenol extraction of whole bacterial cells (18, 26) . With this method, however, LTA contamination with protein and RNA can be a major problem (15, 18) . In this study, we sought to take advantage of the property of beta-lactam antibiotics to stimulate GBS to selectively release surface components into the culture medium, in the absence of cell lysis (21) . Proteins and nucleic acids are not secreted, at least in large amounts, under these conditions (20) . It has been shown that penicillin stimulates GBS to release relatively large quantities of lipids, LTA, and type-specific polysaccharide in the extracellular medium (21) . We have readily obtained GBS LTA from the supernatants of penicillin-stimulated cultures. The purity of our preparation was confirmed by its low protein content, absence of immunologically detectable type-specific carbohydrate, and high content of glycerophosphate.
The majority of the LTA present in the supernatants was likely to be the result of cell secretion, rather than lysis, since no detectable cell lysis was noted during the culture period. With more sensitive methods, no detectable cell lysis was observed with group A streptococci cultured under virtually identical conditions (1) . The yield of LTA we obtained from culture supernatants is of the same magnitude as that obtained with extraction of whole cells of a different GBS strain (18) . However, we have not compared the LTA yields obtained by extracting supernatants of penicillinsupplemented cultures with that from whole cells from unsupplemented cultures. Cox also extracted LTA from the supernatants of penicillin-stimulated cultures with a serotype III strain, but the properties and purity of his preparation were not discussed (16) .
The polyglycerophosphate chain of GBS LTA has been reported to be 10 to 35 glycerophosphate units long and to be significantly longer in strains isolated from clinical infections than in nonpathogenic strains (28) . The LTA preparation we obtained had an average chain length of 25 glycerophosphate units and contained 6.0 alanine residues per chain. Similarly, intracellular LTA from a different GBS strain was found to have a chain length of 22 (27) . We have confirmed these observations by showing that LTA has a role in the adherence of GBS to buccal epithelial cells from neonates of different ages. In addition, the adherence of different serotypes of GBS to vaginal cells was found to be mediated by LTA. These conclusions were based on the inhibition produced by pretreatment of epithelial cells with LTA and of bacteria with unrelated LTA ligands such as albumin and polyclonal and monoclonal anti-LTA antibodies. All of these effects were dose dependent and occurred at relatively low concentrations.
The observation that native LTA but not deacylated LTA is effective in blocking GBS attachment suggests that the lipid part of the molecule is involved in adherence. LTA is excreted by GBS in the culture medium even in the absence of beta-lactam antibiotics (21) , and it is therefore conceivable that the lipid end of the molecule is accessible for some time at the bacterial surface to interact with host cell receptors. This model is similar to the one described for group A streptococci in which the hydrophilic portion of LTA is anchored to M protein, leaving the lipid end freely exposed on the surface (8) . We have previously documented by immunoelectron microscopy the presence of LTA at the surface of GBS and along the entire thickness of the capsule (31) . However, further studies will be needed to specifically demonstrate that the lipid part of LTA is exposed at the surface of GBS.
In a recent study, purified LTA had no effect on the adherence of a type III strain to cultured amniotic cells and it was proposed that attachment mechanisms of GBS can be strain specific (18) . Although we have shown here that LTA can consistently inhibit the adherence of all 14 GBS strains examined, our data do not exclude that surface components different from LTA might also mediate or affect adherence. Bagg et al. proposed an N-acetyl-D-glucosamine-inhibitable lectin type of attachment for a type III GBS (2) . Moreover, it is conceivable that hydrophobic regions of surface proteins facilitate adherence. Treatment of GBS with trypsin or pronase produced a reduction in adherence to cultured amnion cells (18) . However, proteolytic enzymes may result in a reduction of surface LTA, as shown with group A streptococci (7).
Nealon and Mattingly have proposed that virulent GBS and their LTAs bind to embryonic and fetal cells more avidly and by a more complex mechanism than they do to adult cells (27, 28) . According to these authors, adherence to adult cells would involve a one-step mechanism in which the hydrophobic portion of LTA binds cell membranes, while adherence to fetal and embryonic cells would be mediated by a two-step process. This would consist of an initial phase of reversible hydrophobic interaction followed by avid binding via the hydrophilic polyglycerophosphate LTA backbone. Somewhat in contrast to this hypothesis, we found that adherence to neonatal cells could be inhibited by LTA, but not by deacylated LTA and deacylated cardiolipin, as was observed with adult vaginal cells.
Moreover, our data do not support the hypothesis that the higher virulence of GBS for the neonate might be explained by their ability to adhere in greater numbers to cells from neonatal as opposed to adult tissues (27, 28) . Adherence to neonatal buccal epithelial cells with the strains tested here (one pathogenic and two nonpathogenic) was 6-to 10-fold higher with cells obtained from the older neonates. Our data confirm those of earlier studies in which adherence to buccal epithelial cells of naturally acquired bacteria and of group A and B streptococci increased during the first 3 days of life, paralleling a twofold increase in the amount of group A streptococcal LTA bound by epithelial cells (29, 33) . Similarly, we have found that the ability of buccal epithelial cells to bind LTA from GBS increased during the first days of life, reaching the levels of adult cells at 3 days of age.
It is very likely, in our opinion, that most of the discrepancies discussed above are related to the fact that different types of cells were used in the adherence assays. Exfoliated epithelial cells were used throughout our experiments, while Nealon and Mattingly used embryonic and fetal cells in tissue culture and exfoliated buccal epithelial cells as a source of adult cells (27, 28) . Some of the differences they observed may be related to differences in exfoliated versus cultured cells rather than fetal versus adult cells.
For example, cultured cell lines are known to differ widely in their expression of fibronectin (34), a high-molecularweight glycoprotein that behaves like an LTA-sensitive receptor for group A streptococci on oropharyngeal cells (8) . Conversely, superficial buccal epithelial cells are covered with fibronectin of probable salivary origin (42) . Although GBS have been reported not to bind soluble radioiodinated fibronectin avidly (37) , data from our laboratory (manuscript in preparation) suggest that GBS bind to fibronectin on the surface of epithelial cells and phagocytes. It has been recently proposed that a trypsin-and periodate-sensitive structure, possibly a glycoprotein, behaves like a receptor for GBS on cultured fetal, but not adult, buccal epithelial cells (28) . It will be of interest to ascertain whether the observed increase in the ability of epithelial cells to bind LTA during the first few days of life can be related to variations in the amount of cell-bound fibronectin. Studies are under way to further clarify this point.
